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Abstract 

Today it is widely believed that s-channel excitation of an on-shell W boson, 
commonly known as the Glashow resonance, can be initiated in matter only 
by the electron antineutrino in the process D e e~ -A- W~ at the laboratory 
energy around 6.3 PeV. In this Letter we argue that the Glashow resonance 
within the Standard Model also occurs in neutrino-nucleus collisions. The 
main conclusions are as follows. 1) The Glashow resonance can be excited 
by both neutrinos and antineutrinos of all the three flavors scattering in the 
Coulomb field of a nucleus. 2) The Glashow resonance in a neutrino-nucleus 
reaction does not manifest itself as a Breit-Wigner-like peak in the cross 
section but the latter exhibits instead a slow logarithmic-law growth with 
the neutrino energy. The resonance turns thus out to be hidden. 3) More 
than 98% of W bosons produced in the sub-PeV region in neutrino-initiated 
reactions in water/ice will be from the Glashow resonance. 4) The vast 
majority of the Glashow resonance events in a neutrino detector is expected 
at energies from a few TeV to a few tens of TeV, being mostly initiated 
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by the conventional atmospheric neutrinos dominant in this energy range. 
Calculations of the cross sections for Glashow resonance excitation on the 
oxygen nucleus as well as on the proton are carried out in detail. The results 
of this Letter can be useful for studies of neutrino interactions at large volume 
water/ice neutrino detectors. For example, in the IceCube detector one can 
expect 0.3 Glashow resonance events with shower-like topologies and the 
deposited energies above 300 TeV per year. It is therefore likely already to 

have at least one Glashow resonance event in the IceCube data set. 
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1. Introduction 

A single resonance formed by two colliding particles manifests itself as a 
dramatic rise of the corresponding cross section to a peak over a relatively 
narrow range of the collision energy. Such a resonance, usually referred to as 
an s-charmel resonance, serves as an intermediate state between the incident 
particles and the outgoing products of its subsequent decay. Formally, the 
resonant enhancement of the cross section takes place due to the pole-like 
behavior of the probability amplitude for this process M oc (s — m 2 + vmT)~ 1 
(.S' is the total center-of-mass energy squared of the colliding particles, m and 
T are the mass and the width of the resonance). As a result, in the vicinity 
of the pole s = m 2 , the dependence of the cross section on the energy has the 
well known Breit-Wigner shape cr(s) oc ((s — m 2 ) 2 + m 2 r 2 ) 1 . If Y <C m, 
the cross section may be approximated by the Dirac delta-function so that 
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er(s) oc 5(s — m 2 ). This is the so-called narrow widths approximation which 
sometimes substantially reduces the complexity of scattering calculations. 

It is difficult to overestimate the role played by the experimental obser¬ 
vations of resonances of this kind in the development of elementary particle 


physics. 


tering 


ust recall the milestone discoveries of the A ++ (1232) in n + p scat- 
2, 3], ,//T in e + e~ annihilation [f] and the precise determination 


of the fundamental input parameters of the Standard Model by investigating 


the Z° peak at electron-positron colliders 


EL 


Along with the impressive success of the Standard Model we have wit¬ 
nessed for decades, there are processes predicted by this model but the ex¬ 
istence of which has yet to be proven by experiment. This is the case, for 
instance, in u e scattering on electrons whose cross section should have a 
sharp resonance peak occasioned by s-channel excitation of the real W~ 
boson jg], u e e~ —> W~, commonly known as the Glashow resonance. The 
Glashow resonance can be effectively searched for in water/ice neutrino de¬ 


tectors [7] through the reaction V e e~ —> W~ —> anything initiated by cosmic- 
ray electron antineutrinos of energies of about m^/2-m e = 6.3 PeV (1 PeV 
= 10 15 eV). With the completion of the IceCube kilometer-scale neutrino 


telescope located at the South Pole 


8j, the idea of observing the Glashow 


resonance is again in the focus of attention of physicists 9, [ly, |ll|, 12, ll3|, Il4]. 
Moreover, it has already been proposed to interpret the PeV cascade events 


f~ 1.04 PeV, ~ 


periment 


15 


16 


.14 PeV, ~ 2.00 PeV) recently reported 


17] in terms of the Glashow resonance 


av t 


18 


19 


re IceCube ex- 
Even though 


there is some probability that the Glashow resonance emerges in the interval 
between 1 and 6.3 PeV 20,], the relatively wide energy gap, > 4 PeV, still 


3 






































separates the observed events from the expected position of the resonance 
peak. Anyway, no convincing evidence for the existence of the Glashow res¬ 
onance has been found up until now and its discovery would undoubtedly be 
a crucial test of the Standard Model. The Standard Model also predicts the 
same resonant scatterings for other lepton pairs, u e e + —> W + , ly/A —>• W T , 


ly t t —>- however the explicit presence of electrons in the target justifies 

the high theoretical and experimental attention that the channel D e e~ —>- W~ 
has received, as compared to the former ones. 

Meanwhile, there are processes in which although an s-channel resonance 
is formed, this will not be indicated by a peak in the cross section. This 
occurs, for example, when either of the two particles annihilating into the 
resonance has not a definite momentum but is characterized instead by a 
probability that it carries a certain momentum, like partons in the nucleon. 
Consider, in particular, s-channel single leptoquark production in neutrino- 


nucleon collisions through direct neutrino-quark fusion 


22 


23, 


24, 


25 


26 


27]. 


The corresponding cross section within the narrow width approximation 
reads &lq{s) oc f dx q(x)5(xs — mn 2 L Q) = q {m 2 L q/s) / s 23] (q(x) is the prob¬ 
ability density that the nucleon will manifest itself as the relevant quark 
with fraction x of the initial nucleon momentum). Since q(x) oc l/x 1+A , the 
cross section scales as <xlq{s) oc s a (typically, A ~ 0.3) [26]. The latter result 
clearly illustrates that though the leptoquarks are resonantly produced in the 
s-channel, the experimentally observable cross section does not exhibit the 
canonical resonance structure but just a slow monotonic power-law growth 
with the center-of-mass neutrino-nucleon collision energy. And it may hap¬ 
pen that a researcher analyzing a similar process without knowing about the 
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underlying resonance will stay unaware of its existence. In this sense such 
s-channel resonances turn out to be hidden. 

A recent Standard Model analysis of neutrino-photon interactions strongly 
suggests that a resonant mechanism is also responsible for production of the 


on-shell W bosons in reactions Vt —> (l = e, / 1 , r) 

W bosons are produced through the s-channel —> W T subprocesses, 

in other words, through the Glashow resonance. The incident charged lep¬ 
tons on which neutrinos resonantly annihilate emerge due to photon splitting 

7 -+i+r. 

It is remarkable that the reactions W 7 —> l^W T make the observation 
of the Glashow resonance experimentally feasible for all the three lepton 
flavors of the Standard Model, e, /r, r, by impinging high-energy neutrinos 
on nuclear targets or, more precisely, on the Weizsacker-Williams photons 
generated by the nuclei. At the same time, the required neutrino energies 
for these reactions to proceed are far below the PeV region in which the 
Glashow resonance is eagerly awaited today. For example, in collisions with 
protons and oxygen nuclei in water/ice, Vp —> W T X, W 16 0 —> W T X, the 


28]. Namely, the 


threshold neutrino energies are just ~ 10 TeV 


280. Such thresholds allow to 


exploit even the conventional atmospheric neutrino flux to probe the Glashow 
resonance at neutrino telescopes. The dominant hadronic decay modes of the 
W boson will give showers highly boosted along the direction of the incident 
neutrinos inside a detector. 

The considered processes were studied for the first time in 29j] where 


it was pointed out that the lepton propagators enhance the cross sections 
near the threshold. In addition to the production in the Coulomb held of a 
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nucleus, W bosons can also be singly produced by neutrinos in a magnetic 


field 


30] - These processes may have some implications for astrophysics and 


cosmology 


29 


m- 


In this Letter we calculate the cross sections for Glashow resonance exci¬ 
tation in 'vlp and V 16 0 collisions within the equivalent photon (Weizsacker- 
Williams) approximation. We take into account: 1) coherent neutrino scat¬ 
tering on the 16 0 nucleus; 2) clastic neutrino-proton scattering; 3) inelastic 
neutrino-proton and neutrino-neutron collisions. We discuss theoretical un¬ 
certainties of the calculations and signatures of the hidden Glashow resonance 
in water/ice. We also evaluate the corresponding total event rates from the 
different components of the neutrino flux reaching ground level. 


2. Unveiling the Glashow resonance in interactions 

Let us first consider exclusive production of the on-shell W bosons in the 
following reactions: 


(-) 


(Z = e,/i, r). 


( 1 ) 


The correspondin g le ading order cross sections calculated within the Stan¬ 


dard Model read 


M 


33| 




= V2 aGi 


2(1 - 0(1 + 2£ 2 + 0 logO + 01 - 2£ + 20) log 


m 2 w (1 - 0 5 


rnf 


£ 


( 2 ) 


where £ = m^/s, mi is the mass of the final lepton, Gp is the Fermi 
constant and a is the fine structure constant. Note that since CP is conserved 
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here, there is no difference in U[ for Z 77 —> l~W + and vff —y l + W~. These 
cross sections are presented as functions of s/m ^ in Fig. [0 

The Standard Model strongly suggests that the W bosons in these reac¬ 
tions emerge through the Glashow resonance 28]. The underlying mechanism 


is schematically illustrated in Fig. [2] for the case of neutrinos (the same holds, 
of course, for antineutrinos). The ingoing neutrino resonantly annihilates on 
the positively charged lepton coming from photon splitting 7 —> l + l~. Even 
if the zyy collision energy, y/s, exceeds the mass of W + , the outgoing l~ 
carries away the energy excess, E = y/s — mw, and turns thus the 
pair to the resonance pole. This resembles the well known initial state ra¬ 
diation in e + e _ collisions when emission of photons from the initial electron 
(positron) before e + e _ annihilation essentially modifies the shape of a narrow 
resonance curve: the curve becomes wider, a suppression of the resonance 
maximum is observed and the so-called radiation tail appears to the right of 
the resonance pole ( 32 1. As seen from Fig. CD similar features are exhibited 
by the reactions 1//7 —» ^W T : their cross sections resonantly grow at the 
pole s = rn/ v and then gradually decline, also forming tails due to emission of 
the charged leptons from the incident photon. Put another way, each of the 
cross sections in Fig. Q] represents in fact the Glashow resonance peak smeared 
out by the final charged lepton momentum and simultaneously suppressed 
due to (roughly) an extra vertex factor a for the transition 7 —> l + l~ 


3. Theoretical framework 

Since the Glashow resonance appears, as discussed above, in z /7 interac¬ 
tions, it can therefore be excited in neutrino-nucleus collisions as well, when 
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neutrinos interact with the equivalent (Weizsacker-Williams) photons of the 
nuclear target. Consider a nucleus composed of Z protons and A — Z neu¬ 
trons. In practice, it is convenient to have the cross sections per nucleon, so 
that for V + ( A , Z) —> {W T ) Res + X one can write 


<j m (s) = j dx^{x)(Ji{xs), (3) 

where 7 ( 2 ;) is the equivalent photon distribution, 07 (s) is given by (J 2 ]). The 
function 7 ( 2 ;) consists of four components corresponding to the four possibil¬ 
ities of interaction: 


7 ( 2 ?) [7coherent(-^) T Z 7pel(3?) T Z 7pinel(3?) T (hi zf)7ninel(3?)] , (4) 

namely, the coherent photon content of the nucleus when the latter radi¬ 
ates off a photon as a whole without break-up, 7 C oherent ( 3 ?) , the elastic photon 
content of the proton when a separate proton of the nucleus emits the pho¬ 
ton, 7 pe i(a;), the inelastic photon content of the nucleon (proton and neutron) 
when the photon comes from a separate nucleon which subsequently breaks 
up, 7 P; n inei( 3 :) • These components are sketched in Fig. [3l It should be noted 
that the limits of integration in (J3J) depend on the mass of the object which 
radiates the photon. Thus for the integration over the coherent part, one 
has to take ,x min = m 2 w /2Am N E u and 3; max = (l - ^/Am N j2E^, where 
77 i jv is the nucleon mass, E v is the neutrino energy in the laboratory refer¬ 
ence frame. For the integration over the remainder three components, the 
lower and upper limits are x m - m = m% v /2mNE l ,, x max = ^1 — \JrriN/2E l )j , 
respectively. The choice of these limits becomes obvious if to recall that x is 




the fraction of the initial nucleus/nucleon energy carried away by the photon. 
Since E v Auin , x max can in principle be set to unity, as it is often done 
in the parton model. 


4. Numerical calculations 


In this section we present the cross sections for excitation of the Glashow 
resonance in neutrino scattering on the oxygen nucleus, V+ 16 O —* (II /=F )R e s+ 
X , calculated numerically in the equivalent photon approximation for the 
neutrino laboratory energies between 5 x 10 12 eV and 10 16 eV. In the eval¬ 
uation of (j3j) we set a{m = 1/128, Gf = 1-16 x 10~ 5 GeV 


-2 


m, = 


0.0005 GeV, = 0.1056 GeV, m T = 1.7768 GeV, rn w = 80.4000 GeV 5j, 
Z = A /2 = 8. The coherent photon content of the 16 0 nucleus has al¬ 


ready been found in 


, so we just borrow 7coherent(^) from that work. The 


procedure of theoretical computation of the elastic photon distribution of 
the proton, 7 pe i(a;), as well as the inelastic ones for the nucleon, 7 Pi nmei(^), 


has been developed and studied in detail 


m 


35 


which we also adopt 


here. Note that the functions 7 Pi ninei(^) are scale dependent and we fix the 
scale to be equal to the energy squared of the subprocesses Vv —> W T , 
Q 2 = as it is usually done in similar calculations js^]. All these equiv¬ 
alent photon distributions are shown in Fig. U Using them in (J3]) we have 
obtained the cross sections for V + 16 0 —> (IU T )R e s + X depicted in Fig. [5] 
To see the contributions from each component of the photon content of 16 O 
to an overall cross section it is enough to consider just one case, for exam¬ 
ple V<! + 16 0 —> (W T ) Res + X , shown in Fig. [6] The proportions between 
these contributions to the cross section for any of the remainder reactions, 
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y+ 16 o -> (^) Res +x, W+ 16 o ->• ( w ^ ) Res +Al, will be the same as above. 


It should be emphasized that the cross section for coherent V 16 0 scatter¬ 
ing is about two times lower than the result from 29]. This discrepancy is 


presumably caused by different treating the nuclear formfactor. 

A superficial look at the cross sections in Fig. [5] does not reveal the res¬ 
onant behavior, but a slow logarithmic-law growth with the collision energy. 
The Glashow resonance is thus hidden in these reactions. Nevertheless, its 
presence can be seen already at the level of elastic scattering. As an example 
compare two processes, v e p —>■ e~W + p and e~p —>■ u e W~p. Both processes 
proceed through the charged week current interaction and at E v = E e ^> m e 
are obviously similar to each other from the kinematical point of view. How¬ 
ever there is a dramatic difference (by a factor of ~ 100 ) between their cross 
sections in a wide range of energies, as seen from Fig. [TJ This difference can 
be related neither to the different available phase spaces (e~p —> u e W~p has 
a larger phase space compared to v e p —>■ e~W + p ) nor to averaging over the 
initial spins of the colliding particles (which gives only a factor of 2). This 
cannot also be due to large errors in the calculations because it has already 
been demonstrated that the equivalent photon approximation for such elas¬ 
tic processes reproduces the cross sections to a remarkable accuracy of below 


1 % 


34], The reason for this difference is dynamical, namely the Glashow 


resonance. The matter is that while both reactions are dominated by pho¬ 
ton exchange, the Standard Model forbids direct splitting 7 —» v e v e and 
therefore e~p —» u e W~p cannot involve the resonant subprocess e~i> e —> W~ 
at O (aGp), when u e p —>■ e~W + p proceeds through u e e + —> W + due to the 
possibility 7 —» e + e _ . 
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5. Uncertainties and background 


The main source of uncertainties on the calculated cross sections is re¬ 
lated to the uncertainty on the equivalent photon distribution 7 ( 0 ;) in (J3J). 
The relative error of a cross section for an inelastic reaction as found in the 
framework of the equivalent photon approximation with respect to the exact 
result will depend on the four-momentum transfer squared Q 2 (the scale). 


It is essential that the photon distributions of the nucleon used above 
already been theoretically tested for W production in ep —» v e WX 


have 


34 


37] 


which is kinematically similar to the reactions we study in the sense that the 
scales at which all these reactions proceed are obviously identical. There¬ 
fore _our results reproduce the cross sections to the same accuracy as those 


m 


34 137]. Namely, at energies about E v = 10 13 eV the uncertainties on 


the elastic and inelastic part of a cross section do not exceed 1 % and 10 %, 
respectively. At higher energies, E v ~ 10 16 eV, they are less than 1% and 
3%, respectively. In total, one has that in the considered energy range the 
relative error for a cross section in Fig. [5] drops from ~ 5% down to ~ 2% as 
the neutrino energy increases. Thus, the equivalent photon approximation 
for the reactions V + 16 0 —> (lU T )R es + X and V + p —> (IU =F )R es + X is 
quite satisfactory. 

It should be noted, that the applicability of the equivalent photon ap¬ 
proximation to the description of the reaction ep —> v e WX is only to be 
experimentally verified. Its contribution to the total cross section of single 
W boson production at HERA is about 7% 


, which is still at the level 


of measurement uncertainties. At the same time, experimental data on the 
deep inelastic Compton scattering, ep —> e'fX, whose cross section can also 
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be expressed in terms of the equivalent photon distribution of the 


convoluted with the real photoproduction cross section, eq —> ey 39 


accurately described by the equivalent photon approximation 


proton, 


40| , are 


36]. 


There are other channels of W boson production in neutrino-nucleus col¬ 
lisions represented in the parton-level diagrams of Fig. [H] These channels 
will constitute a background to searches for the Glashow resonance and one 
must know the related contribution to the overall event rate. To evaluate 
the background let us note that the lowest order diagrams for the reaction 
ep —>■ v e WX have exactly the same structure as those in Fig. [ 8 ] 41] (this 
is not surprising since we have already shown above that W bosons in this 
case should emerge through non-resonant subprocesses). This means that 
taking the ratio of the cross section for ep —>• v e WX to any of the cross 
sections in Fig. [5] one automatically evaluates the relative contribution of 
the background to the W boson production rate. Thus, for neutrino en¬ 
ergies between 10 13 eV and 10 14 eV, where the 7 -exchange dominates, the 
contribution of the background reactions is below 1% and increases only to 
about 2% at E v ~ 10 16 eV, where the Z-exchange diagrams become com¬ 
parable in importance. An impressive view about the tiny role of the non¬ 
resonant channels in W boson production compared to neutrino resonant 
scattering is also provided by Fig. [7] if to invert the ratio (in fact, the ra¬ 
tio cr(ep — > v f Wp)ja{v e p —» eWp ) even overestimates this role due to the 
available phase space for ep —y v e Wp is larger than that for v e p —y eWp). 


(-) 


These estimates hold not only for the case of v e scattering, but apparently 
for the reactions with and ly as well. 

Summarizing the last paragraph we arrive at an important conclusion 
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that with an uncertainty less than 2% all W bosons produced in the sub-PeV 
region in neutrino-initiated reactions in water/ice will be from the Glashow 
resonance. 


6. Experimental observability 


By virtue of the wide variety of decay inodes, a W boson produced 
through the Glashow resonance may have a rich set of possible signatures 
in a neutrino detector. Before discussing the expected signal, we estimate 
the Glashow resonance event rate per year per km 3 water equivalent vol¬ 
ume. Let us consider only the so-called downward-going events initiated 
by the neutrino flux from the upper hemisphere (to estimate the number 
of upward-going events one has to take into account the Earth attenuation 


effects (see, for example, 42,143])). Thus, the event rate can be written as 


N w = 2nTN t ^ J dE u cr m (E u )$ Ul+Pl (E u ), (5) 

l=e,^L,r u 

where the integration is over a neutrino energy bin of interest, N t ~ 
6 x 10 38 is the number of target nucleons in the volume, T ~ 315 x 10 5 s 
is the time of exposure, is the flux of neutrinos plus antineutrinos of 

flavor l. It is easy within our approach to take account the presence (apart 
from the 16 0 nucleus) of two protons in each molecule of water. To do it 
one has just to put Z — 10 and A = 18 in (Hjl. The neutrino flux in ([5]) is 
a superposition of the conventional neutrino flux, the prompt neutrino flux 
and the astrophysical neutrino flux: 




^conventional , ^prompt . ^ astrophysical 
St Tz+i'Z ' St Gi+i'z ' ^z'z+i'z 


( 6 ) 
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For ^conventional anc l $P r °“ pt ) when l = e, fjL, we adopt the corresponding 


parametrizations from 


44] and set <F 


conventional _ ^prompt _ 


= 0. The astro- 


physical neutrinos comes into play at E v > 100 TeV and in this region we 
take the best-fit flux $^+ ,° ph ysicaI ~ 0.95 x 10 -8 (E„/GeV)~ 2 (GeVcm 2 ssr) -1 


' ^i+"; 

or [17 


for each neutrino flavor m . The obtained numerical results are given in 
Tab. |T| 

First of all, one can see that the vast majority of the Glashow resonance 
events is expected at energies from a few TeV to a few tens of TeV, being 
mostly initiated by the conventional atmospheric neutrinos dominant in this 
energy range. Since the Earth attenuation effects are relevant only at energies 
above 100 TeV, one can estimate the total number of the Glashow resonance 
events (upward-going + downward-going) for E v < 50 TeV just by doubling 
the corresponding number of downward-going events from Tab. [I] Thus, our 
prediction is ~ 10 Glashow resonance events per year per km 3 water equiv¬ 
alent volume at energies below 50 TeV, assuming the neutrino flux quoted 
above. 

High energy hadrons, electrons and tau leptons are usually visible at 
neutrino telescopes, such as IceCube, in the form of showers while muons 
give tracks. It is apparent that the probability that a resonance event will 
manifest itself as a shower highly boosted along the incident neutrino path 
is given by 


r (W —» hadrons) + T(W —> v e e) + T{W —> u T r) 
Y(W all) 

and the probability for observing a track is 


(7) 


14 





r {w u^) 


~ o.i, 


( 8 ) 


r (W ->• all) 

where T(IT —> anything) is the width of the decay W —> anything. Then, 
the track-to-shower ratio for the sample of the Glashow resonance events 
will be ~ 0.1 no matter what the flavor composition of the neutrino flux 
is. Thus, we can specify the above result: ~ 9/yearkm 3 Glashow resonance 
events with shower-like topologies and ~ 1/year km 3 tracks. The deposited 
energies for both types of events will lie roughly between 2.5 and 50 TeV. 

The Glashow resonance at such low energies could be identified as follows. 
The W bosons will be excited mostly by atmospheric muon (anti)neutrinos, 
which dominate in this energy region, in the reactions 1^+target —» (hh =F )R e s+ 
^ + A". The subsequent very quick decays of the leading W bosons into 
hadrons, electrons and tau leptons will make significant contributions to the 
energies of the showers X, while the muons come from the target fragmen¬ 
tation causing thus the ratio Shower/-^track on average to be larger than in 
background events from the charged current neutrino scattering target —» 

/i ± + X. The track of W would not be observed directly, but the boson could 
manifest itself from the lower-than-expected energy of the muon track. Due 
to event-to-event variations in the ratio, this analysis would have to be done 
on a statistical basis. In addition, such Glashow resonance events will be 
distributed anisotropically over the sky being concentrated mostly near the 
horizon as the incident conventional z/ ;i + flux does. This procedure is 
similar to that proposed for detecting low energy tau (anti)neutrinos in large 
volume Cherenkov detectors via the muonic tau decay 451 ]. It is worth to 
highlight that the Glashow resonance events can thus constitute a significant 
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background to searches for the atmospheric —* v T + v T oscillations at 

E v > 1 TeV if one uses the procedure of tau neutrino detection mentioned 
above. The tau-likc event rate mimicked by the W excitations may be at 
least an order of magnitude higher than that evaluated, for example, by the 


authors of 


46], depending on the adopted oscillation parameters. 


It is also interesting to estimate the Glashow resonance event rate for E u > 
300 TeV expected at IceCube. In this energy range IceCube has detected 
only neutrino-initiated showers and no tracks for 988 days of observa¬ 
tions u (he., roughly 1.5 showers per year). To make our predictions appli¬ 
cable to IceCube observations we have to take into consideration the effective 
volume of the IceCube detector (which, at these energies, ~ 0.4 km 3 16]) 
as well as the attenuation factors for the components of the neutrino flux 
reaching the detector 43]. Thus, if we assume a 40% all-sky averaged neu¬ 
trino flux attenuation (this presumably overestimates the actual attenuation 
effect), we obtain the total (upward-going + downward-going) Glashow res¬ 
onance event rate in the IceCube detector in this energy region to be ~ 0.3 
per year. Accordingly, it is likely to have at least one Glashow resonance 
event with a shower-like topology and the deposited energy > 300 TeV in 
the IceCube data set (the data taking time already is about 3 years). 


7. Conclusions 

Today it is widely believed that s-channel excitation of an on-shell W 
boson, commonly known as the Glashow resonance, can be initiated in matter 
only by the electron antineutrino in the process u e e~ —> W~ at the laboratory 
energy around 6.3 PeV. In this Letter we argue that the Glashow resonance 
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within the Standard Model also occurs in neutrino-nucleus collisions. 

Our conclusions are as follows. 

1) The Glashow resonance can be excited by both neutrinos and antineu¬ 
trinos of all the three flavors scattering in the Coulomb field of a nucleus. 

2) The Glashow resonance in a neutrino-nucleus reaction does not man¬ 
ifest itself as a Breit-Wigner-likc peak in the cross section but the latter 
exhibits instead a slow logarithmic-law growth with the neutrino energy. 
The resonance turns thus out to be hidden. 

3) More than 98% of W bosons produced in the sub-PeV region in 
neutrino-initiated reactions in water/ice will be from the Glashow resonance. 

4) The vast majority of the Glashow resonance events in a neutrino de¬ 
tector is expected at energies from a few TeV to a few tens of TeV, being 
mostly initiated by the conventional atmospheric neutrinos dominant in this 
energy region, ft is explained how the resonance events could be identified 
at such low energies. 

5) About 90% of the Glashow resonance events in a given data sample 
will be in the form of showers boosted along the incident neutrino path and 
only 10% as tracks. 

Calculations of the cross sections for Glashow resonance excitation on 
the oxygen nucleus as well as on the proton are carried out in detail. The 
results of this Letter can be useful for studies of neutrino interactions at 
large volume neutrino detectors as the IceCube detector 8], the ANTARES 


undersea neutrino telescope 


47] as well as the next generation deep-water 


neutrino telescopes KM3NeT 


48] and NT1000 on Lake Baikal 49]. For 


example, in the IceCube detector one can expect 0.3 Glashow resonance 
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events with shower-like topologies and the deposited energies above 300 TeV 
per year. It is therefore likely to have at least one such resonance event in 
the IceCube data set (the data taking time already is about 3 years). 

The theoretical framework of this Letter is readily applicable to descrip¬ 
tion of neutrino resonant scattering on different nuclear targets 50]. It is 


also fair to expect that other s-channel neutrino-initiated reactions, such as 


(-) 


u e e T ->■ /P 


5li] . can be experimentally tested in neutrino-nucleus collisions. 
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Figure captions 


Fig. 1 : Total cross sections for V 7 —> / ± 1F T (/ = e, /i, r) as functions of 
the ratio s/my V . 

Fig. 2 : A schematic illustration of the initial state lepton emission 
mechanism for excitation of the Glashow resonance in 1^7 —>■ W + l~ (l = 
e, /i, r). The photon splits into an l + l~ pair before the excitation occurs. Even 
if the center-of-mass energy of the Z 77 collision, y/s, exceeds the W boson 
mass, mw, the emitted lepton l~ carries away the energy excess E = y s—m w 
and turns thus the energy of the z//Z + pair to the resonance pole. 


Fig. 3 : Different sources of the equivalent (Weizsacker-Williams) pho¬ 
tons with which neutrinos interact: (a) the coherent photon content of a 
nucleus; (b) elastic photon content of the proton; (c) inelastic photon con¬ 
tent of the nucleon (proton and neutron). 


Fig. 4 : The equivalent (Weizsacker-Williams) photon distributions [28| 


35]. The inelastic photon distributions for the proton and neutron are taken 


at a fixed scale Q 2 = m 


w- 


Fig. 5: Per nucleon total cross sections for W + 16 0 —>■ (lF T )R e s + X 
( 1 l = e, / 1 , r) as functions of the neutrino laboratory energy. The correspond¬ 
ing center-of-mass neutrino-nucleon collision energy is labeled on the upper 
horizontal axis. 


(-) 


Fig. 6 : Different parts of the per nucleon total cross section for v e + 
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16 0 —> (W /=F )Res + X as functions of the neutrino laboratory energy. The 
corresponding center-of-mass neutrino-nucleon collision energy is labeled on 
the upper horizontal axis. 


Fig. 7: Ratio of the cross section for v e p —* eWp (calculated in this 
Letter) to that for ep —>- u e Wp 34] as a function of the center-of-mass collision 
energy. 


Fig. 8: Diagrams for the parton level processes contributing to the 
background. 


25 



Table 1: The Glashow resonance event rate per year per km 3 water equivalent volume. 
Only the downward-going events are presented. 


Neutrino energy 5 — 50 TeV 50 — 300 TeV > 300 TeV 

N w 


5.2 


2.3 


0.6 









X yi(x)/a 



Figure 4: 






s section (per nucleon), 


V SyN , GeV 





V SyN , GeV 


10 2 10 3 

n i | i i i i i i i i | 

« + 16 o^(w*) Res + x 

total = coherent v 16 0 + elastic vp + inel. vp + inel. vn 
coherent v 16 0 + elastic vp 
coherent v le O 







V, 


_/ 

_ W 


y,z 


q 

V, 


W 


q \T 


w 


v. 


ff 

/ 


L _ L. 


< 


< 


< 

< 


Figure 8 


32 





